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Preface

Deipite very raoId developments In aerodynamic theory and the

orvet Ifferove ents in the useajqe of this theory throuch the develop-

inst of modern computer facilitios, much of the deslnn work on unusual

confiqurations Is a trial and error process that utilizes approximate

mathematical models of the confiquration to aid the desInner In the

analysis of these conflnurations. The followlnn thesis demonstrates the

application of this desirn process to a soeciflc deslqn request from

the Air Force Avionics Laboratory. The trial and error process would

have been more error than trial were it not for the helf of Mr. Russel

Osborno, an ennlneer for the Air Force FlInht Dynamics Laboratory. I

would also like to thank my thesis advisor for his patience and for

providlnn somm ne".essarv direction. Additional thanks no to the Air

Force Institute of Technoloqy Model Shot for their natlence In buildinn

and frequently renairina the test models necessarv for this Investinatlon.

It qoes without sayinn that I owe much to my wife, Scotty, for Insulatino

me from the outside world while writinn this reoort.

Phillip L. Ahold
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Abstract

An unpowred. unnuided vehicle to be deployed from 4 4.75" fla-e

tube was designed. The design criteria wer3t

I) six cubic Inch, týo pound payload

2) minimum glide speed of 50 knots

3) glide ratio in excess of five

4) stable with particular emphasis on

headinq stability

Two basic confiqurationi. were considered In the analysis: the first was

a tailless vehicle, and the second was a conventionally tai!led vehicle.

It was found that the tailless vehicle could not reet the stability re-

quirements and thus the tallied vehicle was chosen to meet the deslqii

criteria. The analysis procedure consisted of a computer model to analyze

vehicle sTabilitv, wind tinnal tests to calculate aerodynamic deriva-

tlves, and flilh 4 tests to demonstrate performance. The finalized vehicle

had a folding wing and a flexible tall-boom to meet the packaging re-

quirement. The resultinq vehicle had a glide ratio slihtly in excess of

25 and was very stable In heaOlnq, while meotinq all other design

requirements.

vlll



Ji-Af

Dtnrsnt or A Otr'LOYARt i'rt.fIDFR

1, inlroduction

The Problom

In an era of over chantlinn ner3Ii tactics and countertactics. a

constant searcN fnr now weapons Is m'pintalned. Th.o dosinn of one such

weapon niyntep Is the sutlict of this thenis. The Air Fcrci% Aoinnics Lab-

oratory ronruested the raeniqn of ain unprlweren. unauieum, nir,-~rne vehicle

capable of carrvinn a Six cubic ir'_h onvmiod wrinhina twn nounds at

a mifli'--4 nlde speed of 50 knots. To achieve mn,*itur, diupersai capabil-

ity, eoneh vnhlrie must maintailn Its dnrnIovmnt no-wind hfoadinn, anf r'us*

ba of miinim'um vn~u"m so thMt mA~'i-W1 nt-ers rpiv r~f carried by tl'o cLar-

Hier vehicle. To eIir-Jnato +h'e moo,! for etovioior"-om and riuatlficatic.,

Of A now %i+O'ro +he n'"~a een.jired thnt tvrp vo.hicle tn :vhi to t(.

carried In a 4.75 Inch flare tute, th~us nres('ntinri A sirnnificant nalrin-

Inn orobif-, In sui'-Mirv the rnrewnrivS r~resente'1 was to desirmn a vehicle

stibloeet to the foglolneir contraints-

1) unronverid 3nd umn~jidel

2) six cut~c In-Il, two pv-nun Davioad capacity

4) nlic~o ramtic in exýzess of five

5) %ia~tlre Alfl, n~irtic~ut.-r emnha~iis on týeadinn stahilflitv

f6) minim~um sire and In 1 4.75 Inch twjto.
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The Analysis Procedure

As In any design study, the method used to create the final result

was one of iteration among -me best solutlonz to each of the design crlte-

I, rie. This analytic process used the most simple nethods suitable to the

complexity of the problem and testing methods utilizinq the best avail-

able equipment. The procedure used In this design effort was divided Into

four parts: at, extensive literature search to find the most suitable con-

figuration for the required mission; the creation of a useable mathemati-

cal model to describe the chosen configuration; wind tunnel tests to de-

termine the required aerodynamic coefficients; and flight tests of the

various test vehicles.

Iteration among each of the latter three areas was accomplished to

enable the chosen configurations to be optimized for the mission. This

particular type of design process allowed the crnfiguration to be modl-

fled during the process with little interruption of the test sequence.

Limitations and Assumntions

The design process did not Include certain areas that would be of

Interest In further studies of the design. These areas Include deployment

aerodynamics and stability, and a structural analysis designed to deter-

mine the construction materials which provide the best compromise between

weight, strength, and flexibility. These two areas were beyond the scope

of this study due to limitations in the available facilities and time.

The major assumptions in the analytical modeling concerned linearity

of the aerody-i'nics and of the equations of motion used in the stability

analysis. Bolth of the assumptions are normally made in the preliminary

2
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desirn phase, and are narticularly valid fnr a plider doslqned to Miln-

tain a symmetrical equilibrium flirht condition. The assumption of linear

aerodynamics made the stability analysis possible since the stability

derivatives were then possible to evaluate as functlions of the planforin

and equilibrium flilht condition. Further assumptions toncerning each

particular confiatration will he discussed as they aris3.

Order of Discussion

The report first discusses the choice of confiqurations to be con-

sidered, and then describes the entire analytic process for each of the

chosen conflourations. Althouqh all of the phases for each confituration

were carried out simultaneously, the description of the entire analysis

procedure for one confiquration at a time leads to a more understandable

r'esentation. Specific conclusions concernina each confiquration are

presented at the end of the discussion of that narticular confliuration,

while neneral conclusions and recommendations are presented at the end

of the report.

3
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II. THF CONFInURATION

tonflauratlons

The Initial choice of confiqurations to be considered was Important

because it rrovlded direciion to the entire deslqn process. It was pos-

sible to rapIdly eliminate some configurations from further study because

of their Inherent limitations. In particular, both balloons and pardJ-

chutes could not meet the requirement for a forward velocity of 50 knots

and were therefore eliminated from consideration. All parafoll devices

had to be eliminated due to glide ratios possible, altrough In 3very

other respect they 9resented an excellent solution. It was Possible that

a hybrid vehicle, Dart balloon and part riid wing, could have met the

deslin requirements, hut storane difficulties for such a vehicle elimin-

ated It from consideration. As a result of the above eliminations, only

rigid wing vehicles were studied further.

Three possible conflaurations were evaluated for possible study and

two with their modifications were chosen to be studied. The three confln-

urations studied were: an all-wing, a wing-body, and a conventional

tallled vehicle.

The all-wing vehicle was first considered to represent the best pos-

sible solution to the overall problem. After studyinn oossible plan-

forms; however, It was found that an excessively laroe vehicle would be

necessary to Provide sufficient useable payload volume. Such m !arge

vehicle presented a formidable Dackaninn problem, and the folding mech-

anism was excessively complex. For these reasons, the all-wing design

was not considered further.

4
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The winn-body was considered to be the next best solution. This

vehicle was more eas!ly packaqed than the all-winm vehicle, had the poten-

tiel for higher performbnce than the conventional configuration due to

lower expected dran, and provided a less complex foldinn problem than the

conventional vehicle and was thus expected to be more reliable. The

critical deslan poir;t for this configuration was the stability require-

ment. This point was expected to present problems since a study of avail-

able literature, In particular reference I, indicated that tailless

vehicles were often only weakly stable, if stable at all, in some flight

modes. If this desinn reouirerent could be met, then this configuration

appeared to present the best solution to the desimn oroblem.

The least desirable configuration from preliminary estinmtes was the

conventional vehicle. The design was the most complex mechanically and

thus probably the most unreliable of the two possible configurations.

It did have certain advantanes; however, It 3resented the most stable

configuration, and had the advantaoe of beinn )etter known sc that the

desion process could be better analyzed.

Conf iuration reometry

After the two basic confiqurations were decided upon, the basic

planform parameters were obtained from an analysis of the packaqinn prob-

lem. The more complex nackanina problem was the conventional vehicle and

so it was chosen to determine the qross dimensions. To facllitate the con-

struction and testinq of the wind tunnel and fliqht test models, and to

aid In the comparison of the two configurations, as much commonality as

was possible was maintained between the vehicles. Afler many cut-and-try

"paper doll" models, the final pross dimensions shown In finures I and 2

were chosen.
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Althounh the chosen airloll section, an tIACA 4412, did not represent

the optimum solutfon to the wino-body orobiem, It did present a ready so-

lution to the folding problem as a result of its nearly flat bottom sur-

face. A winn foldinn mechanism was desiqned for this wine by Mr. Lance

Look of LOM Company under contract from the A4ir Force Flight Dynamics Lab-

oratory. Through use of a simple tension sprinq system,, 1e wing was

folded at two points on each semi-span as shown In floures I and 2.

A low drag winn tip shape was developed using Information from ref-

erence 2. The horizontal cross section of the body wLs chosen to be sym-

metrical with the point of maximum thickness located at the body midnoint.

This profile was used rather than a more streamlined shape In an attempt

to ensure that the body center of pressure was behind the center of Qrav-

Ity for the entire static marnIn ranno so that directional stability

would not be a problem.

The one remaining parav-etcr to be established was the wing sweep.

In the conventc ;isl vehicle, a winq sweep anqle of 0 degrees was chosen

to provide maximum lift at lower angles of attack and thus to reduce the

draq. In the wing-body, wino sweeo was a necessity to ensure sufficient

static margin range to provide lonaltudinal stability. Winq sweep moved

the aerodynamic center aft and allowed praeter latitude In payload loca-

tion. After makine the assumption that the winq aerodynamic center was at

the .25 mean aerodynamic chord and that this chord was located at the

area center of the semi-span, a nood assumption in view of the method of

reference 3 in locatinn this chord, it was found that a sweep ancle of

15 deqrees would provide a static marnin ranie in excess of .30 while

presenting the least possible compromise with performance.

8
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I I I. T14E W I NG-H.K'ODY DES I r-!

Airfoil DesInn

All flight vehicles must satisfy the follow'ng three requirements to

be able to achieve stable, trimmed flight: a positive %, a neqative

CC
C% and a CM-O at some angle of attack greater than zero (iAef 4). In

order to provide this capability, a modification of the basic NACA 4412

airfoil section h3d to be developed since a positive-t, cambered airfoil

could noT provide the required positive CMa nd no other airfoil section

could be found to provide the required aerodynamic coefficients and meet

the requirweent that the bottom surface be flat for packaging purposes.

Several solutions to this problem were available among which were utll-

IzIng o9-•otric twist, topward deflected flaps, or a reflexed camber line.

The simplest solutions wore either flaps or a reflexed camber line since

twist would require construction of a new wing, while the other solutions

only meant sectioning the wing. The best solution from the packaging

standpoint was the reflaxed camber line so this solution was used.

One major assumption was made In the development of this wing; that

creating an airfoil soction with sufficient reflex would provide suffi-

cient accuracy, innorinq all three dimensional effects, so that the actual

wing camber line could be refined In the wind tunnel without reconstruc-

tion. Resulting wind tunnel tests proved the validity of this assumption.

The theory of thin wina sections used in the airfoil design (Ref 5)

was Iterated over several profiles until the desired properties were ob-

tained. The nocessary wina Cti, obtained from a summation of moments about

the aerodynamic center assuminq a static marain of .20 and neqlectlnn drag

effects on the moment balance, was .1450. ThIs CM yielded a vehicle CM=O
9
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at an arbitrary 10* 3nqle of attack. Making the assumption that the

airfoil could be represented as shown below In figure 3.

Y

|K

P2 0*

Fig, 3 Reflexed Camber Airfoil

and that line A was parabolic In shape, lines B end C were straight, the

equations for each line were solved by matching bo.lndary conditions at

points (p,,m,) and (p2,m 2 ). The slopes of the lines at these same points

were obtained in qereral terms as:

dy (2 m2 D1)(m 2) m p- 2 _p)14M pi)

dMA p12(p2-P)
dxA PlI(-P )

dy r,-i
- -- (2)
dxg P2-P1

dy
(3)

dxC P2-I

After utilizing Glauert's equation for the Four!er coeff!clents:

AN * 3. cos nO dO (4)

where: (5)
x - 1/2 (cos 0 +1)

90
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""ah Fourier coefficients necessary to calculatne ., anrd Cmwers:

A *ucos- 1(?p .1) + m-' (Cos-(2o1 I .0 cos-12p2-l))

(n~~~i 2 4 (~ (p -p ,2

+ l~OS12 .. L. +........L..L...L. CumI~i cos-1(2p -I))-s * sm (6p-))
~1( 2 p1)

+1 I[.iIl(0 12 -I))~oslu I- M~)~~ i) C (7~))

p1  ~2 1)

+ Y 1b 2  O-co1 (2p -1l) 4 (sln(cqs-1(2p -))

p 2(p p )(

A * m sin(2cos(2-! ) n' (s'nC2colI.-12p1-l))-sinC2eos-1C2o2 I
2 ,LP2-' 2 p2-p1  2

(I-p )(M p -M 0 )+mn (p p -p 1.) (-sin(2cosin2(2p MI))
+ 1 2 1 12 -121 1 28

(in p -m p ) "-sin~cos-1(2P -1)) .;In(3cos-1(2,I
+ 2 11 2 1 2-)]

p2(pinP.7 2 6
p1 2



where:

4~~ +1 2[a A1  A2 ~ (9)
C 'A 2 o. and C.Mo o. [] 2

Now us! " 'he u'.o of CO and Cm In terms of these coeffIcIento for an

arbitrary 100 angle of attack and for no reflex angle Ihe values of the

coefficients became:

CI a 1.8405

Cm - -1297

while reference 5 showed values of:

CI a 1.5500

Cm M -. 1000

which demonstrated that the proposed model of the airfoil section wus

accurate enough for the purposes of this deslgr. After numerous Iterations

of the equations to arrive at a shape that ylolded the desired prooortles,

the final result was an airfoil section with a reflex angle of 130 that

started the reflex at the .8 chord point as Illustrated In fiqure 4.

Y

(.4 .12) (.8,0.)
____ * 130 X

Fla. 4 Reflexed Airfoil

Although the above section characteristics could have been extended

to the finite wing, It was unnecessary since wind tunnel results would

yield more accurate results and would be ready for the stability analysis.
12
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Stability AnSIS

The stahility analysis rested on +ho fact that the lonnitudinal

stability analysis ccId ie separated from the lateral anaiulls. The

equations of Motion used in +he esnlys1s wore developea In reference 4

and the assumptions that allow the lonqitudinal motion to be vern:arad

from the lateral motion Are discussed at lenath there. For the purposes

of the followlnn analysis, all of the assumptions were valid.

LonpitudInai Analysis. Since static longitudinal stability could be

normally achieved by ensurinq that C Is neqativo, the analysis of the

dynamics of the vehicle also Included static stability. The solution to

the resulting elnpenvalue problem yieldod ni1 of the roquired Information

concerning dynamic stability. The characteristic matrix resulting from

the equations of motion as devoloped in roference 4 and after oliminating

both thrust and speed dorivativi terms was:

C siny CL - C "Cw COSyeCw sl0 e a 0

S2M 20

2Cw cosy0  CL + CD 2U- CL -Cw silny

U + + CL= 2 -• + CL& ZU + C -
SCa & &

y - M.Cw siny
(-Ct 4  )(2CW COSYO y a, y

2ma ea Cto CL M. CL( 2 + CD L (2u + CL)

I 2u+CL. a a a _ya 2u + C1 .9

0 0 0

13
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F The nssumption that the S2e0d derivatives were negllgible was warranted

by the very low Speed that the asilgn criteria required.

The major difficulty In the analysis was to find reliable forms of

the derivatives in terms of the planforr, parameters. The forms that

follow are based or6 the assumption that the effects of the wing and body

can be separated and added, This assumption remained valid throuqhout

the range of linear aerodynamlcs considered In the analysis. Throughout

the analysis where the derivatives depend on parameters that are defined

only graphically in the referencei, these derivatives will be expressed

as functional relationships, Where static mar.ln was a parameter, a value

of .25 was used for the derivative value shown.

L This derivative represented the chanqe In lift wl chanqlnq anqle

of attack. The theoretical value of 2w was assumed and correcteO for finite

wing effects using a correction factor presented In reference 6.

CL f(y,* AR) (11)

C * 4.23368

0. i his derivative represented the chanqe in draq with changes in angle

of attack.

C0  f(CL* CL PeAR) (12)
0 LC Re.7

C0 * .5091

14
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., This derivative ropresented the change in the POwrwnt cooffilWent

with changwes in angle of attack. It represented the primary tactor In

static stability and as such had to be negative to ensure static Ptabillty.

CM '-kn CL (Ref. 4) (13)

CM -1.05842
a

C 1 •_

C L and CM . These derivatives were assumed to be negligible In a tall-

less design since the prlmarý contribution to the magnitudes of the Aor-

IvatIves was a result of the lag In downwash ranching the tall (Ref. 4)

and thus was absent in this confiquratlon.

C La. Thi3 derivative resulted from the change In lift due to pitching

velocity.

CL f(k C ) (Ref. 7) (14)q S

Cq 4.23368

CMC
CM.S. This derivative resulted from the change In pitchinq moment due to

changes in the pitching velocity. It represented the primary damping

force for short period oscillations.

CM W f(, CL * k n AR) (Ref. 8) (15)
q ft

CM -. 993186

The equilibrium flight condition used In the stability analysis was:

C L .86815 C D .1200 Y -7.9"

to 15
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The characteristic matrix, eigenvalues, and eiqenvectors were calculated

by a digital computer program written for this purpose and Argand diagrams

of the elgenvectors are presented In Appendix A. A root locus of the

elgenvalues for a range of static margin from .05 to .30 for the short

period Is presented In figure 5a and for the phugold In figure 5b. It can

be seen that the longitudinal modes were both stable and thus represented

satisfactory solutions to longitudinal stability.

100

5.0

n 4.0
5

20 3.0

.15.1

2.0

1.0

I' - 100 1
I I I ' | I it

-. 22 -. 21 -. 20 -. !9 -. 18 -. 17 -. 16

Fig. 5a Root Locus Wing-Body - Short Period
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1000

*_7.89

.25 .15 7.88

k .30 .20 .I0 ' • 05 7.87

_ 7.86

7.85

* 7.84

Fig. 5b Root Locus for Wing-Body - Phugold

Lateral Analysis. The lateral equations of motion from the same reference

as for the longitudinal equations were utilized In the analysis and after

making the same assumptions as In the longitudinal case the characteristic

matrix became:

C C C - 2 Cw cosye y Yr e
"2CW 0-COS

CI C CI
p r 0

x x
C n Cn Cnr

1 ~0"

I I

0 AR R tanYe 0

17
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, Utilizing the same equilibrium conditions as in the loncitudInal case, the

lateral derivatives were calculated in the following manner.

C
yB. This derivative represented the chanqe in side force due to sideslip.

The major contributions were from body effects with small effects from

the wing. The best representation for this derivative was created by

summing dihedral and body effects from reference 8 with the wing effects

presented in reference 7.

Cy= f(,SS0, S, CL ,A ,AR)
e (17)

C = .324182

Although typical values of this derivative are negative, these values

arise from tall effects which overcome the destabilizing effects of the

body and are not present in this configuration.

a. This derivative was of paramount concern In this design since It

was the major determinent of directional stability; one of the critical

design points. The major Influences in this derivative were from wing

sweep, dihedral, and aspect ratio. The form used for this derivative was

a summation of body and dihedral effects from reference 8 with the wing

effects from reference 7. 4

C = f(A, r,AR, b, d, CL z zw) (18)
e

C = -. 12885

lB

lB
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C
na, This darivative provided the yaw stiffness to the vehicle 9n4 a,

such had to be positive or the vehicle would havA been statically un-

stable in yaw. Normally the effects of the body would have outweighed

the effects of the wing because of a large body irea ahead of the center

of gravity; however, In this case the winq effects outweighed the body

effects and caused the value to favor static stability. Contrlbutions

from the body were evaluated using the methods of reference 8 while wing

effects were calculated from methods of reference 7.

Cn f(S, 1B C~, AsARv kn) (19)

-3
Cn 8.8073xl0

Cy
CYL. This derivative represented the change In the sideforce with the

change in winq-tip helix angle (Ref. 3). The wing contributed the major

effects ti this derivative and since experimental evidernce Indicated that

the body effects were negligible (Ref. 3), only wing effects were cal-

culated.

Sf(C AR ACy p (Ref. 7) (20)

C .158657Yp

Cn
This derivative represented the yawing moment caused by roll and

caused the close coupling of roll and yaw (Ref. 3). In the case of

this configuration, these effects were more closely coupled than normal,

which made any lateral Instabilities difficult to analyze and correct.

19
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In this case experimental evidence allowed the effects of the body to be

neglected (Ref. 3).

Cn * f(AR, A, kn# C1 ) (Ref. 7) (21)
p

Cn - -. 14163

It should be notid that Cnp varies with C1 as shown In reference 3 and

therefore cou!d have been of either sign. The negative sign In the prea-

sent case was destabilizing and no method of changing Its sign could be

found without flyinn at a CL that was unacceptable from a performanc

consideration.

Cf

Yr. This derivat!ve represented the change In sideforce wkih variations

In yawing velocity.

C n f(CT , ARd knv (Ref. 7) (22)

Cy - -. 03324

Cn
r. This derivative represented the effects of asymmetrical lift and drag

distribution over the wing during yaw (Ref. 3). In the present case the

effects of the body were possibly significant (Ref. 3), but no known

method of calculating these effects was known (Ref. 3). The value of this

derivative was similar to values in reference 9 so the value was assumed

to be approximately correct.

C = f(CL, AR, kn, Ce, A) (Ref. 7) (23)

Cn = -. 030108
r

20
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C
Ij.This derivative represented the change in rolling moment coefficient

with the change in wing-tip helix anqle and In this c~se experimental

evidence Indicated that body effects were negligible (Ref. 3).

(Ref. 7) (24)

Cip -. 405159

C
1r. This derivative represented the rolling moment due to yaw rate.

Fuselage effects could also be neglected in this case (Ref. 3)

(Ref. 7) (25)

CI * .23995
r

The equilibrium conditions for the lateral analysis were the same as

Sthose used In the longitudinal analysis. A root locus for the dutch

roll for a static margin range from .05 to .30 is shown in figure 5c.

Argand diagrams for the static margin range are shown In Appendix B.

As shown In the root locus below, the vehicle was found unstable In

dutch roll. No method was found to stabilize the analytical model of the

vehicle from changes In the vehicle parameters, such as wing configur-

ation, mass, mnments of inertia, or bo6y shape.

21
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1.50 k
1.40.2I 030

.20.

'.301 . 2 I0 "1 "0

0 0 .175 .200 .225 .250 .275 .300 .325 .350 .375

Fig. 5c Root Locus for Wino-Body - Dutch Roll

Wind Tunnel Tests

Wind tunnel tests were performed In an attempt to validate the

analytical model, find possible corrective measures for the apparent

lateral instability, and to provide Information In areas not covered by

the analytical model. The tests were performed in the AFFDL one-meter

low speed wind tunnel; a closed loop, constant speed tunnel. All data

runs were conducted at the tunnel airflow maximum speed of 75fps.,

which closely simulated the analytical model's 84 fps. Runs were made to

measure both lift and drag, with moment data unavailable due to equip-

ment malfunction. Curves showing the data are presented in figure 6.

22
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* 1.00

.75iC

.50

.25

0.0 5.0 10.0 15.0 20.0
at (degrees) I

Fig. 6 Wing-Body Lift and Drag Curves

As seen in figure 6. both CL and CD are within 20% of that predicted by

the theoretical model. Three further studies were performed to Investl-

gate model performance and to partially validate the theoretical model.

The first of these runs was performed after tufting the model to

Investigate the airflow around the model. This test was performed at

aigles of attack of 100, 150, and 200 to validate the analytical model

in flight conditions around the equilibrium position. Very smooth air-

flow was observed over the surface of the entire vehicle, in particular

around the winq body Juncture. This area of smooth flow helped to vaili-

date the assumption that body and wing effects could be calculated

separately and added topether.

The second run was performed in a one-degree of freedom mount (Fi.7)

to test longitudinal stability.

23
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Model *.Pivot

i Rotational

i Axis

II IAirflow Into
Paper

Fig. 7 One Degree of Freedom Longitudinal Mount

This run enabled both the trim anqle of attack to be found for this dynam-

Ic pressure and the reflex anqle chosen for the camber line to be tested.

As the airflow was started, the model trimwed at an angle of attack of 12'

and was very stable In pitch. Motions Induced by Interruptions in the air-

flow were damped out rapidly as predicted by the short period algervalue

analysis. In this case both the reflex angle predicted and the short

period response were validated by the experimental evidence.

The third test was conducted in a similar manner to that of the short

period test with the exception that the model was mounted in a fitting

that allowed freedom a-ound the z-axis (Fig. 8). Although friction in the

mounting bearing could have affected the dampina, it could not have pro-

vided a restoring force so this run demonstrated the directional stabil-

ity of the vehicle, since the model trimmed straight ahead and any per-

turbations were damped out rapidly. None of thc closely coupled modes

of the analytical model were able to be completely validated due to a

lack of sufficient denrees of freedom in the tunnel mounts.

The major conclusions provided by the wind tunnel tests were the

24
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lift and drag data* and partial validation of the analytical model. In

particular, the lonaltudinal short period mode was validated as was the

airfoil design. No tests could be devised with the available equipment

to test the unstable lateral mode, so no conclusions could be made con-

cerning total vehicle stability or methods to correct the lateral Insta-

bilIty predicted by the analytical modal.

Pivot RotationalSAxlI

Airflow 
Ai

Into
Paper

FIg. 8 One Degree of Freedom Lateral Mount

Moment o! Inertia Calculation

The following method of moment of Inertia calculation was discussed

extensively In reference 10. For Inertia measurement about the y-exis,

a pivot was Inserted Into the model fuselane at right anqles to the

x-axis and vertically above the longitudinal center of qravity position.

The model was then suspended from this pivot at a distance I from the

center of --dvity so the model oscillated about an axis parallel to the

y-axis. The moment of Inertia about the y-axis was then:

iyy •aT -w. (26)
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*I y was also a principal omeont nue to the x-z plane of symmetry. The

period was determined to an accuracy of .1% by timlntl 50 oscillations

with a stopwatch.

To determine the principal axes orientation, the nodel was set at a

series of small hitch annlen to the horizontal and the rollingi niment of

Inertia was determired at each attitude by the above method. The mininum

roiling toent of inertia obtained In this manner was the principal

rolling moment of inertia and the anqle with the horizontal gave the

orientation of the principal axes. The results of this calculation Indi-

cated that the y-z plane was also mess symmetric, thcrefore all three

axes were orincipal axes.

The yawinn "ent of Inertia was determined by swinging the model as

a torsional pendulum, usin!! *, bi-filar suspension. The two wires were

attached to the x-axis an equal distance fore and aft of the center of

gravity. Then the yawing moment was:

wT2 dIzz (7)

These Inertias were corrected for center of qrnvity location for the

various static marnins arod non-dir-enslonfl!zed using the non-dimnnsion-

alization from reference 4 so that they would be compatible with those

equations. For a svatic marqin of .25 the Input Inertias were:

A
1 33.209

xx

^Iyy• 770.120

Izz 3 . 1
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FliI ght Test

This portion of the analysis was performed by hand launch from a

helicopter movinQ at a forward velocity of 60 knots and flying at en

altitude of 75O ft. These tests showed that the vehicle was very un-

stable, In what appoared to be the dutch roll mode, although this ob-

servation was very subjective. Since these tests confirmed that the

vehicle was unstable as predicted by the analytical model, sc-e type of

vehicle modification was required to achieve stability.

New Conflurations

Three types of modifications were tried In an attempt to stabilize

the vehicle. The first of these was the addition of a vertlkal stabil-

Izer to the rear of the model. This configuration was tunnel tested and

It appeared to damp out the perturbations In sideforce more rapidly than

the basic vehicle. When this vehicle was flight tested very little Ir-

provemnt was noted, so without a longer tall motrent arm this modifica-

tion was Insufficient. The next two attempts were similar in Intent.

In an attempt to prevent the vehicle from enterinq the oscillations,

two typei of drag devices were tried. The first was a ribbon parachute

2" wide and 12" long. The second device was a conical rigid parachute

2" In dlaneter attached by a 12" thread to the rear of the vehicle on an

axis through the center of gravity. In both cases the additional drao was

so leroe that the welqht component was Insufficient to provide flying

airspeed.

Conclusions

After the last tests of the vehicle, it was decided that this
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conflquratlon would not be further Investlqnted, It was unlikely that a

stable form of this confiqurat'on could be developed, and ever If merqlnal

stability were achieved, It would not be as satisfactory a confiquration

ea the conventional vehicle.

28



IV, THI WItC-IMY-TAIL rWqlGti

As major stability problems beoan to appear In the wing-body analy-'

&is, more emphasis was placed on the winn-body-tall design study. The

first step In the desiqn process was to define in exact terms the plan-

form parameters for the first Iteration of the wino-body-tail analysis.

Tail OosIqn

The best location from stability considerations of the tall-boom I

body Juncture was high on the body (Ref. I1). This study of a similar

configuration found that the vehicie had preater lateral stability with

the tall-boom located hiqh on the bodyprimarliy due to the elimination I

of body-tall Interference at some hlih annies of attack. Therefore, the j
• ii

tall-boom was mounted just below the winq trailinq edne as shown in fig-

ure 2. It was seen in the wind tunnel tests of this configuration that I

this location did eliminate body-tall interference as desired.

The specific details of the tall design were arrived at from an f
evaluation of the packanlna probloe. The first tall-boom folding mechan-!

Ism considered was a pivot at the body-boom Juncture with the boom being r

constructed from a material with sufficient flexibility to allow it to be

wrapped around the circumference of the body. The only practical ver-

tical tall planform useablo with this tall-boom desiqn was a twin vertical

tall with the vertical stabilizers located at the extreme ends of the ',or-

Izontal stabilizer. To provide the maxiemum available horizontal stabil-

Izer span, the span was chosen so that the vertical stab:;izers vould

fit outside of the W!n-. when folded.

Tall-boom lonqth was chosen as a compromise between boom flexibility

and tall sensitivity. Since the tall-boom was to be flexible, the shorter
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the tail-boom within the limits of stability, the less sensitive the

vehicle would be to tail deformation. For this reason, a tail-boom length

of 9" was chosen as the starting point in the design process. Both hori-

zontal stabilizer chord and vertical tail area were chosen to provide a

tai! volume of slightly over .5 since the tall volume of the configuration

in 7eference II was approximately this value.

Stability Analysis

The same assumptions made in tne wing-body analysis were necessary

in developing this analytic model, except where less stringent assumptions

were allowable as noted in the analysis. One further assumption was made

concerning flow at the trIl. It was assumed that the tall w.s located in

an area of undisturbed 4low except for the downwash effects on the tail

angle of attack. The evidence of reference II indicated that this was a

valid assumption. The same equations of motion and the same resulting

characteristic matrix as used in the winn-body analysis were used in this

analysis and therefore will not be repeated,

Longitudinal Analysis. The equilibrium conditions used in this analysis

were similar to those used in the wing-body analysis and are not repeated.

Where the stability derivatives are a function of static margin, a static

margin of .25 was chosen for demonstration purposes. All of the following

derivatives and those in the lateral analysis were calculated using the

methods of reference 8.

CL

C1  f(ARSHCI ,Cl ) (28)
Law It
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c u4.524
Ld Theory

Th.~ ~ ~ vau %fIndC tunnel *4.756 saiie

Th vle f 1was assumed as the horizontal stblzrC because of

the endplate effects of the vertical stabilizer. As seen fromt the wind

tunnel test d'ita the resulting value was quite good using this assumption.

C0  f(C LP CL ,ARI)(9

C0  *64848

DGTheory

C0  =1203

flh~nd tunnel

The predicted value was not very good In this casa. Since the formis of

the derivatives used in this analysis were empirical curve fits to conven-

tional data sets, It Is possible that the lack of a conventional fuselage

resulted in an artificially high value being predicted.

C Ma

CM = f(CL k n) (30)

CM = -1.1890

CM

C I

C I q f(C1 aw C, G , k n VH) (31)

C1  = 9.8775
q
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CM

C a =f(C1  ,C, k*kV AR)
q aw aH (32)

CMq " -19.157

CL
L. The value for this derivative could only be calculated for the

tall effects and was thus multiplied by a factor of 1.1 (Ref. 4).

C a(c f V .
L& I' pH (33)

CL& 2.5222

. ~Co
M.

CM mf(C VH de& CH H' ) (34)

C -- 7.115

The value of the pitching moment was calculated by the same methods used

for the wing body.
A
I = 2499.4
y

The resulting elgenvalues and eigenvectors for a static margin of .25 ;

Short Period: -6.7864xl0"3* 2.1198x10"2 1 C= .3049
A -3.V: 2.6008x10"3 ; 1.5650x10"3i
Q: 4.5040xl0- ; 5.5652xlO-li
Aq: 1.0215xl0-2 I.1705xl0" 2I
0: 3.6909x10" ; 5.9744x10 1 I

Phugoid: -5.5226xIO"t 57.7737xIO"'4 i= .0709
A -
V: 4.5196xl0-/3 3.7087x10 i

0 5.3903xlO I
-44: 5.0104xl0". ; 3.8555xl(0"4 i

0: -5.3904x10w ;6.0623x10- i
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The root locus for a static margin range of .05 to .30 for the short

period is shown in figure 9a and for the phuqold In finire 9b. Argand

diagrams for the static margin range are presented in Appendix C. As

shown, the vehicle was stable In both lonqitudinal modes; however, the

phuqold was weakly damped so further studies were made of the sensitivity

of the analytical model to changes In the derivative values.

100 W

3.0

2-2.5
kn * .30

.25
20n

.10

05 1.0

i - I i l I. .. I ... 100 n

-. 74 -. 72 -. 70 -. 68 -. 66 -. 64 -. 62 -. 60 0.0

Fig. 9a Root Locus for Wing-Body-Tail - Short Period
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10
I.,

1.0
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-. 057 -. 056 -. 055 -. 054 -. 053 -. 052 -. 051 -. 050 -. 049 0.01

Fig. 9b Root Locus for Wing-Body.,Tail - Phuqold

Longitudinal Sensitivity Analysis. Two results were obtained from this

analysis: I) the sensitivity of the model to errors In the derivatives

was evaluated, and 2) possible methods to increase phugoid damping were

found. The changes in each derivative and the resulting elgenvalues are

shown In Appendix D.

It was seen from this analysis that the model was relatively insen-

sitive to derivative errors since only small variations in response oc-

curred and the model remained stable for all variations. The only deriv-

ative that made noticeable changes In the phuqoid was CMi (other than
q

CL which could not Uo easily changed) and even this derivativo made only

minor changes in the phur. id. However, as a result of this possible in-

provement In response, two different attempts were made to increaso
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phugold dampino. The first chanqe was an Increase In the horizontal

stabilizer chord to 3". The second change was to Incremise tall volume to

$8, which although similar to changing the chord, could be arrived at by

other means Including lonothening the tall-boom, or Increasing the hor-

Izontal tLi span, Neither of those two changes made a noticeable change

In the phuqoid response.

One completely different analysis was made by assuming that the

phugold response was simply an energy transfer between the potential and

kinetic energies (Ref. 4). Using this representation of the phugold, It

was possible to see one further chanre that would definitely Increase the

phugold damping. The change was to Increase the drag of the vehicle,

which although undesirable from a performance standpolt, could easily be

adopted If necessary. The results of Increasing the drag coeificient to

.12 and reducinn the lift coefficient to .7 to Increase the flight path

angle so that the weight component would balance tie Increase in drag were:

Short Period: -6.7859x10- 3  2.1195xlO02 i Cu .3049

Ot 2.5799x 0-3  l.n985x10-31
K: 4.4371xlx 5,.6175xlO'i
4: 1.0353xl0O I.1583x10•i
8: 3.5384x10I 6.0175x10 1 I

Phugold: -I.1523x10-4 6,2474x104I C= .18064

0: 5.7758x 0- 8.8540x10 I2
a: -8.2241xl10 2 6177xlO i
t: 5.1707x104 2.4096xl0 I
8: -I.8358xl " 7.9044x10i I

As shown, this change resulted in a major change In the phupold response;

however, the qlide ratio was reduced by 50% to 5.8. This glide ratio was

acceptable to meet the performance requirements if that lar-ge of a trade-
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off In performanco was necessary to obtain the desired response. As a

result of this study, It was decided that the original phugoid response

would be retained unless flight tests shc'wed that It was unacceptable.

Aeroelastic Analysis. The tifluence of tall-xboom flexibility was consi-

dared to have a major Impact on vehicle stability because of the proposed

tall packaging concept. The followlng analysis was conducted under the

assumption that the tall flexibility could be represented by assumina

that a torsional spring located at the pivot provided all of the flex-

Ibility to the boom, while the rest of the boom was assumed to be rigid.

This assumption was valid because the only significant change occurring

because of tail flexibility was a change in the angle of atihck of the

tall relative to the vehicle, and no significant effects were caused by

the boom itself. The following analysis follows that of reference 4

closely. Assume that Va -kL where k Is the flexibility of the tor-

slonal spring located at the pivot. The figure below Illustrates the

assumed model.

Pivot spring (k)

Fig. 10 Aeroelastic Model
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let: at a CLot (OWO " c kL ) (35)

then: C a t riold (W - ) (36)
Lt I + kCLt

~trigid

and the tall effectiveness has been reduced by a factor of:

I kC. 
(37)

Srigid

After this factor was substituted into the appropriate places !n the

stability analysis, the following reductions in static earoin were found

for the flexibility values shown at the basic static margin of .25:

kbasic - .05906 (flight test model flexibility)

km .08818 (1.5 kbasic)

Akn " .08

k - .03937 (kbasIc / 1.5)

Ak .04 1kn

The changes in the static margin were significant for the case where
At

either payloi,' rqqu; ints required a low static margin to meet the

packaging requirement, or the choice of a material for the tall-boom

had more flexibility than evaluated In the above analysis thus resulting

In a greater decrease ;tatic marqln than predicted. The solution to

this problem will be further discussed in the iteration phase.
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Lateral Stability Analysis. The same equilibrium conditions used In the

longitudinal analysis were used In the followinq analysis.

CYB

C U f(SCo So Sve Cy
yis Bv (38)

where: Cy v f(ARvt. 0A CL )Isy At ' t vt

C yA a -. 80262

Ci

C I f(C1 L AR, z., I., C , r, A , a) (39)
IB W v

C -. 12442
IA

CI

C no f(SbB SOI* iV• z, C 0)
"B ~'B (40)

C u.05487

y

C - f(zvI*C 0
yp y0 (41)

V.

C - .02496
y p

CI
C1  a (bH.VS..Ip HOZISP SOCa

V

CI = -. 42050 (42)
p

38



GAEPA AI74D-I

Cn

Sn

lf(C1 C Iv# ZvO C * a) (43)Cn'P YBv

C,, a -. 12461

C
Yr.

C fMl v Cy , (44)
YrY

C .44660

C

Ci af(C, I Z C a) (45)
r. Lf V yv

C I .22013
Ir

C
nr,

Cnr f(CLoC%* I V *C *G) (46)

C a -. 26046

The resulting elgenvalues for this analysis were:

Dutch Roll Rolling Convergence Spiral

4.0O97xlO"4 t 8.1172x10"3 1 -4.4639x10-3 -2.7798x10-4

The resulting root locus for the dutch roll mode Is shown In figure II.
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1W

.82 k .3•

I1-- 25

.820

.10

78 05

0.00 .038 040 .042 .044 .046 .048 .050 .052 IO0A

II
Fig. 11I Root Locus for" Wlng-Body-Tai I for Dutch Poll I

Arqand diagrams for the static margin ranne are presented in Appendix E.

As shown In the response, the dutch roll was unstable. To find possible

solutions to the Instability other than an excessively larEne static

margin which would have required the addition of winq sweep and to eval-

uate model sensitivity to derivative errors, a sensitivity analysis of

the effects of the variation of the Individual derivatives on the lateral

response was made.

Latera: Sensitivity Anilvsis. The amount of derivative variation and the

resultinq elgenvaluos Is shown in Appendix F. The results of this analy-

sis showed that the error sensitivity was minimal except in the case of

lB and that this derivative was the only derivative within the variation
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studied that caused vehicle stablllzqtlono

ThO result obtained from the %ensltIvIty analysls was confirmed by

the approximate solution to the dutch roll (Ref, 4)

n *1/22 +r_nORapprox -12 2 4 1 a I x Cna I a 2 l

approx 4.1736xl6-4

A
OR -4

analyt - 40907xl0

This approximation also indicated that increases In C * C n and Cn

ye r "
would result In a stable dutch roll mode. After Investigating the func-

tional dependence of each of the concerned derivatives, It oas determined

that a change In vertical stabilizer chord would cause the desired varia-

tion in all of the necessary derivativos. Therefore, in Increase In chord

to 3" was evaluated. The resulting elgenvalues and elgenvectors were:

Dutch Roll Rolling Convernence Spiral

-2.6063xl0- 4  8.9179x0"3 1 -3.8532xlO- 3  -2.6755xl0-4

a: 3.5547xi0 1  4.535.xlQ,0 -4.6413x• , 2  -. ,013x,

1: .9794x10,..> 3.0243xi0 i1 ..2.0062xl10 -1.1998X10. 3
: -I.9655x10"- I.8271100 1O 2.0508x10" 2.958Bx10

8: 6.5921x10 4.71ix10 1 9.9872x10 1  9.9993x10 1

The resultinq root locus for the entire static margin range is shown In

figure 12.
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1000 W"
• .30 .. " 9.0

* 8.9

.208.

8.7

kflO

8.6

.05

8.5

-. 40 -. 35 -. 30 -. 25 -. 20 -.15 -.10 -. 05 0.O

Fig. 12 Root Locus for WIng-o3ody-Tail - Dutch Roll 2

The resulting response was stable as desired and, although the dutch

roll was of long period, It was satisfactory to meot the design re-

quirements. The response for the static margin range Is presented In

Appendix G.

The effects of altitude which were Important In this design were

discussed at length In reference 4 and since they mainly enter through

the non-dimenslonalization of the terms, they were not studied explicitly.

As discussed In reference 4, the effects of altitude variation wore main-

ly to reduce darving as altitude was Increased and to Increase the period

of both the phugoid and the dutch roll modes. Although those effects were

undesirable. the only correction for these effects was to make the final-

Ized vehicle as heavily damped as possible in these two modes without

sacrificing stability in the romaininq rodes.
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Wind Tunnitl Tosts

The same set of wind tunnel tests were run for the wing-body-tell

Sconfiguration as were run for the wing-body configuration. Both lift and

dreg were measured, and the other tests t0 evaluate the analytical model

&no the assumptions necessary in Its development were run. The lift end

drag curves that resulted are shown In figure 13.

1.2

1.0

0.8

CL 0.6

CD

0.4

5 10 15 20

S(deqroes)

Fig. 13 Wing-Body-Tail Lift and Drag Curves

The airflow tests In this case were accomplished through the use of a

bubble genorator which dispersed neutrally bouyant jubbles Into the air-

stream. This method allowed better evaluatfon of the airflow around the

tall than was possible with tufting. The flow around the body was expected

to be very similar to that around the body of the wing-body vehicle since

the bodies were Identical, and thus would not "ave to be studied as
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carefully as tufting would have allowed. The flow around the tall was of

major Interest since any tall blockage within the normal angle of attack

range would have introduced some type of instability Into the model dy-

namics and would also have invalidated the analytical model in the affect-

ed range. The resulting streamlines showed no tall blockage at any angle

of attack from -10* to +20*.

In this case as In the tailless case only the short period mode and

the directional stability could be evaluated using the one degree of free-

dom mounts. In both cases, the modes were very stable and well damped.

Flight Tests

The flights, conducted in the same manner as the wing-L,)dy tests,

resulted In demonstrating that the model wvas stable In ;ll modes. The

major problem that appeared could have been either slow damping of the

Plaunch perturbations from the helicopter rotor wash, or a weal-ly damped

dutch roll mode with large amplitude convergent oscillations that resem-

bled an exaggerated dutch roll oscillation. This problem could not be

further evaluated In the flight test program since the vehicles were not

of sufficient size to see at an altitude that would allow flight dura-

tions of sufficient length to see these perturbations damp out. Although

this design did meet all of the desiqn criteria, certain problems still

existed that a further iteration of the design process would solve.

Design Iteration

Three major problems needed to be solved if the design was to be

very successful: 1) the tall packaging problem needed a b3tter solution

so that the trade-off between packaginq and stability would not be as

great, 2) the tall flexibility problem had to be eliminated so that less
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limitation on payload center of gravity location was necessary, and

3) the oscillations in the dutch roll mode as predicted by the analytical

model and seen in the fliqht tests needed to be reduced. The first two

problems could be reduced or eliminated by a different tail foldln9 mech-

anism, and the dutch roll mode could be increased by an increase in the

vertical tall effectiveness as shown in the sensitivity analysis. The

tail modification presented in figure 14 was developed to solve all of

the problems.

SIDE VIEW •-

S-i

2.00" I
9.00"1

Both Vertical and Horizontal Surfaces are Symmetrical

Fig. 14 Cruciform Tail Design

The resulting tail-boom was designed so that the vertical surface folded

flat aaainst the horizontal surface and the flat surface formed then wrap-

ped around the circumference of the body. iwhen unfolded, the vertical and

horizontal surfaces formed a symmetrical cross that was riqid in the hor-

Izontal and vertical planes, thus eliminatinq the flexibility problem.
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Although torsional rigidity was reduced with this forn, the elastic axis

of the tail-boom extended through the axis of symmetry of both the hor-

Izontal and vertical surfaces thus creating a symmetrical load dlstribu-

tion in symmetrical flight. Asymmetrical loadings could not be analyzed

using the available model and therefore'pending wind tunnel analysis were

assumed negligible. The response of the resulting modification using the

dimensions Illustrated In figure 14 was:

Longitudinal: Short Period Phugoid

-3 5 4
-3,9622xi0 2.0363x10 I -5.5374x105 7.8522x10"I

A 4 -3- -1
V: -2.0747x10 1 ± 3.5663%:1" I 2.5306x10 5,2263x10 I
a: 2.8357x10 2 ± 6.5245x10- I -3.6446x10 4.3088x10•i
q: -I.3605x10 1  5.2340x10 i 3.0338x10- 5,6603x10"jI

0: 3.7237x10 5.9558x10"1 I -7.0412xlO 1  3.2994x10"11

Lateral: Dutch Roll Rolling Mode Spiral

-I.1909x10" 3  i.2965xlO1" I -2.2526x1O0" -2.8964x10- 4

1. 1,1339x10" 7,1615x10- I 2.0282x10- 3 -6,6366x10"3
-4.3672x10 3  6.2010x10 3 I -I.1620x10" 1.3168x10 3

4.8779x1O02 3.6520x10 3 i 2.9664x10 3  -2.9440x10-3
4: -3.1064x10 2  6.9405x10"1  I 9.9993xilO -9.9997x10-

In this analysis the inertial properties were assumed duplicated in the

modified vehicle due to lack of sensit;vity to inertia variation demon-

strated in the sensitivity analysis. As seen in the root locus for these

modes the response is signif;cantly improved over the baseline vehicle.

Figure 15 illustrates the root locus for each oscillatory mode.

[
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n . 30 .25 2100

20 1.75

.1.50

.1 
1.25

1.00

II.05H
0.75

A

-. 41 -. 40 -. 39 -. 38 -. 37 -. 36 -. 35 -. 34 0.0

Fig. 15a Root Locus for Cruciform Tall - Short Period

-. 80

k n .3 0 -- .7 9

.78

.77

.05 -. 76

.- 75

_ _ _ _ _ _ _- _ _ _ _ _ _ _ _ _ _ _ _' _ _ _ ... I0 0

-. 058 -. 056 -. 054 -. 052 -. 050 -. 048 -. 046 -. 044 0.0

Fiq. 15b Root Locus for Cruciform Tall - Phugoid
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0ooA

k~m301.325

• .2- 1.300

.20

1.275

.10 •1.250

.05..1.225

1 ,200

A

-. 130 -. 125 -. 120 -. 115 -. 110 -. 105 -. 100 0.01)

Fig. 15c Root Locus for Cruciform Tall - Dutch Roll

Wind Tunnel Tests

All of the wind tunnel tests run on the other two configurations

were repeated for this hmodified version. The only significant differ-

once from the results already discussed for the baseline tallied vehicle

were the lift and drag curves presented In figure 16. It should be noted

that the glide ratio improved greatly over the baseline vehicle. This

Improvement was due to the reduction in base drag which was a result of

the new tall-boom aerodynamically fairing in the body so that aerodynam-

Ically it seemed longer than it was really.
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"1.2

1.0

-4 -2 0 2 4 6 a 10 12 14 16 l8
a (degrees)

Fig. 16 Cruciform Tall LifM and Drag Curves

Flinht Test Analysis

No aircraft support was available to provide an airborne platform

to launch the vehicle from, so this set of flight tests had to be hand-

launched from the top of a building. Since there was no similarity in

the post-launch disturbances between this vehicle and the previous vehi-

cles, direct comparison was Impossible. Even so, It was easily observed

that this vehicle was more stable than the other vehicles tested and thus

the design was part'allv proven by this set of tests.

Iteration Conclusions

As a result of this limited set of tests and the other data on the

configuration, it was decided that this vehicle was a satisfactory design
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to submit to the Avionics Laboratory. The next step In the analytic

procedure was to evaluate the final vehicle's performance.

Performance Analysis

In order to evaluate the performance of the vehicle without

arbitrarily fitting the drag to a parabolic polar, the method of ref-

erence 12 was used In the performance analysis. It was shown In this

reference that It was possible to evaluate the coefficient of lift

and thus the angle of attack for both maximum endurance and maximum

range from a graph of CL vs. CD In the first Instance at.w 'k vs. C
L DL CD

In the second Instance. The two curves are shown in figure 17a and 17b.

1.25

1.00

0.75 -CL

0.50

0.25-/

.025 .050 .075 .100 .125 .150 .175 .200
CD

Fiq. 17a M~iaximum Range Calculation
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I 050

1.25

11 1.00
0.75

L

0.50

0.25

.025 .050 .075 .100 .125 .150 .175 .200 .225
CD

Fig. 17b Maximum Endurance Calculation

As presented in the reference, the point of maximum range occurs at

the point on the C L vs. Co curve where a line drawn from, the origin

Is tangent to the curve. In a similar fashion. the point of maximum

endurance Is found on the second curve. The performance points are:

Maximum Range: CL ..8500

* 8.50

Maximum Endurance: CL = 1.0000

= 10.5*

One further factor had to be taken Into account before the trim

angle of attack could be set. At speeds below the speed for L/Dmax
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an aircraft Is unstable and any disturbance will cause the vehicle to

I ' decrease speed and to eventually stall, therefore the trim anale of

attack had to be a compro'mlse between speed stability and maximum range.

SInce the exact function of the payload will probably vary during any

production life of the vehicle, a trim anale of 7* was chosen to repre-

Sent a solution close to both the optimum angles for best range and

best endurance and was still a speed stable angle of attack.



GAE/MC/74D-i

V. CONCLUSIONS Alit) RECOI7IENI)ATIONS

Conclusions

The major conclusion arrived at from the analysis was that the

cruciform tall design was the best design to submit to the Air Force

AvionIcs Laboratory In response to their design request. The design

meets all of the packagInq requIrerients and exceeds all of the per-

formance requirements by a significant margin.

A secondary conclusion was that tailless vehicles as a class

should be excluded from further consideration as a possible configur-

ation to meet the desired design requirements. This class of vehicles

has major stability problems and at least in the above analysis, no

possible solutions to these problems were available. It appeared that

If the launch dynamics of this class of vehicles were considered, the

stabil'ty problem would oe insolvable.

Recommendat ions

It Is recommended that further analysis of the proposed vehicle

be conducted into the areas excluded from the above analysis. In par-

ticular, the launch dynamics need to be carefully studied because It is

possible that the perturbations from the launch would cause the vehicle

to stabilize Into some undesirable flight condition. To study this area,

an extensive set of wind tunnel tests needs to bo conducted to determine

the vehicle dynamic stability derivatives so that a six degree of free-

dam non-linear analysis can be conducted. Finally fliqht tests of the

vehicle on a fully instrumented test range under simulated operational

conditions neod to be conducted.
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In the appendices that follow thn longitudinal data Is normallzed

with 0' 0I0 nd the lateral data Is normlized with * * 1.0 , The dashed

vftors Indicate a magnitude too small to be visIble,

o., S5
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Appendix It

La.,terol fResponso DAta F -r The Wlnn-rkd. ConfIrnuratIon

Dutch Rol I Mode

Rolling Mode

r. 0 Bft:P "1-..6160:.0730
AV_ ,.. kn .10

7 .Sp Ira I lode

* .0062:I:-4.4730
:O:P I:-.0409:.4728

Rolling tiode

0 :00 -. 1995:1:.1701
k .20 O:O:= 1:.5040:.0830

Spiral Mode

0:00 a .0060:1:-4.9176
i:P:P a 1:-.0321:.4847

Rolling Mode

r

S:¢:* " -. 2507: 1:.2230

"" k .30 B:p:r 1:.4263:.0914

7 Spiral tM1ode

0:00 .0059;1:-5.2871

I1:-.0255:,4928
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Appendix C

Loneitudlnifl Response Data For The Winn-nody-Tall Conflauration

Phugol d Short Period

q ~. v

e q

kn 2

e

eq
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Appendix D

Longitudinal Derivative Sonsitivity Analysis

Derivative: Short Period: Phugold:

C L + 20% -6.3524xl0'- 2.0841xl10 I -5.4882xI10 7.7821x10-
La-3 -2 -5 -4

C - 20% -6.5644x10 2.1948x10 I -5.5868x10 7.8223x10 I

-3 -2
CLý + 50% -6.7888x10 2.1207x10 i -5.5230xl10 7.7737x10- i

-2 -4
C + 20% -6.7888xl0 2.1200xi0 I -5.5224xlOh 7.7728x10 i

-2 -3 4

C1 L- 20% -b.7897xl10- 2.1222x102 i -5.5204x10 7.7728xi10 I

q -3 -5 -4
CM - 20% -6.0424x10 2.1224xi0 21 -5.5240x10 7.8101x[0 I

q

-3 -4
+' 10% -6.3191xl0 2.028OxI02'i -5.5042xI0-5 7.7739xl10

1 1010 -7.3830x10 2.2300xl0 I -5.5416xl10 7.7735x10- i
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Appendix 
E

Lateral Response Data for the Wino-{Body-Tail Configuration

Dutch Roll Mode

Rolling Mode

U 8:*:• =-.0695:1:-.0568
•j= 1:.3370:-.0190

S.........kn .10

Spiral Mode

:W• .0089:1:-2.2869
0:0:t= 1:-.1236:.3321

Rolling Mode

;if •~:W: =-.0674:1..:-.0592

/ k= .20 00:1' = l:.3468:-.0204
n

p Spiral Mode

.0090:1:-2.1249
O:P:t= 1:-.1342:.3305

Rolling Mode

0:0:,P = -. 0654:1:-.0615

• ,_- _kn= .30 B:p:r = 1:.3565:-.0218

Spiral Mode

0:0:* a,0090:1:-1.9798
0:0:1 = 1:-.1450:.3290
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Appendix F

Lateral Derivative ýenlItlvlx Anlyi

Derivative: Dutch Roil Mode Roiling Mode Spiral Mode

C + 50$ 4.0279xl104 + 8.1171xl10 I -4.4651x10- -2.7794xc10

C - 50% 4.1536x104  8.1174x10% I 4.4628xl0- -2.7803xi0-

50 4.0896x10"4 ± 8.1 l72xiO -3i -4.4637xcl0 -2.7798x,04

P -4 -3 -4C + 50$ 4.0928x104 t 8.1145xl0 3 I -4.4642xl0- -2.778i1x10
Vr 

4
-50% 4.08286xi0 ± 8.1148xi0i -4437i3  -27 x0-4

-444xO3 271x
C - 50% 4.0907xl0 -4 8.1ii72Ii03i -4.4639x10-3  -2.77982x1-4

C1  + 50% 3.0351xl&" 4 +8.1895xi0-3 1 -5.3427x0-3  -2.3512x10- 4

* ~C1  50% 5.2562xi0 ±8.O38xlcf3i -3.4235x10-3  358x0
p

C +50% 3.8813xl10 -+8.1506xl0-31 -4.4951x10-3  -2.0494xli0 4

r
C1  - 50% 4.3047x1&4 ±80381 3  -4.4314xio-3  -3.5331xl0 4

r

50%11 i.i~i 6416xl0 3 i -3.9515xil03 -1.7438xi04

n 0 .06i~±.411 3  -5.3439x103  -4.4O60xi0'-

p-4 -33

C - 501% 6.4 104xl10- ±8.3012x10 A3 -4.9622xl10 3  -2.4362x10-4

p
-43-3 -4Cn+50% 1.0094xi0 4  3±.0028xlO03 i -4.3872xi0 -4.9462x10-

nr

r
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Inertia: Dutch Roll Mode Rolling Mode Spiral Mode

rxx 10% 3.4818M004 1 8.0523d0" 31 -4.1427x1c10 3  -r2.9727xiIo~

I 10% 4.7466xi&'4 +±8.1g52xi,31 -4.b341x10' 3  -2.7673xI0-4

+ 10%, 4.9026x 10-4  +±7.8165xl1031 - . 0 1 1 ' 2 7 9 x 0

I -10% 3.1217x004 t±8.4681X10-31 -4.4230x,0-3  -285 4x0
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Appendix G

Lateral Reponse, for Mort f lod Wifnrl-ROdyX-T.l I Conf iouration

Dutch Roll Mode

Rolting Mode

I -. 0552:1:-.0946

SI•.�0 : : f0 1:.3738;-.0353S°w•kn .10
n

Sp I ra I Mode

.0106:1:-2.2418
= :-.I051 :.2783

Rolling M lode

#0:0:0 = -. 0478:1:-.0999
k .20 0:0:t = 1:.4236:-.042210 n

Spiral Mode

::4:* .0109:1:-2.1634

:0:t= 1:-.1080:.2718

Rolting Mode

S1•:0 :$ =-04 52:1I:-. 1051

, _kn * .30 O:p:r = 1:.4410:-.0462

Spiral IMlode

.0111:1:-2.0912

0:0:t= 1:-.1098:.2656
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Appendix Of

LonnitudIn~I Re-'rpnnsc Data for tho rrucifo~r, Tall Confknuratlon

Phugold * oShort Period

kr *20O

Kn 030

A
v

6 30



GAEliC/74D-l

Appondix I

Lateral Respnnsn Data for the Cruciform Tall Confinuratlon

Dutch Roll Mode

Rolling Mode

:: ¢ "a .0018:1:-.2512

_*:P:f= 1:-6.3512:1.6080

pk .10p

Spiral Mode

.,0066:1:-2.0008
1 1:-.1949:.4477

Rolling Mode

.0020:1:-.2526
r k * .20 B:p:r =1:-5.9322:1.5105

n

Spiral Mode

.,0066:1:-1.9629
1 1:-.1988:.4465 2

Rolling Mode

i:•r * ,0021:1:-.2541
_ _ _ r__r .30 p:p:r 1:-5.5077:1.4106

Spiral Mode

I* =.0067:1:-1.9153
OB~t• 1:-.2014:,439764
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Vita: Phillip L. Ahold

Phillip L. Abold was born on May 23, 1946 In Baldwlnsville, Now

York. After an uneventful childhood, he graduated from Baker High

School In Baldwinsville, New York. Graduation from hiqh school was

ftIlowed by four years at the U.S. Air Force Academy from which he

graduated In 1968 with a Bachelor of Science In Aaronautical Engineer-

Ing, and a commission as a Second Lieutenant In the United States Air

Force. Pilot training at Randolph Air Force Base, Texas was sucessfully

completed in 1969 and a year In S.E. Asia followed as a Forward Air

Controller. After the S.E. Asia tour came two years as an Instructer pilot

at Laughlin AFB, Texas. In 1973 he was selected for admission to the

Air Force Institute of Technology which he entered in June of that year.

He graduated with a Master of Science in Aeronautical Engineering,

specializing In aircraft stability and control in December 1974.
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